Pseudomonas putida KT2440 is known to metabolise glycerol via glycerol-3-phosphate using 17 glycerol kinase an enzyme previously described as critical for glycerol metabolism (1). 18 However, when glycerol kinase was knocked out in P. putida KT2440 it retained the ability to 19 use glycerol as the sole carbon source, albeit with a much-extended lag period and 2 fold lower 20 final biomass compared to the wild type strain. A metabolomic study identified glycerate as a 21 major and the most abundant intermediate in glycerol metabolism in this mutated strain with 22 levels 21-fold higher than wild type. Erythrose-4-phosphate was detected in the mutant strain, 23 but not in the wild type strain. Glyceraldehyde and glycraldehyde-3-phosphate were detected 24 at similar levels in the mutant strain and the wild type. Transcriptomic studies identified 191 25 genes that were more than 2-fold upregulated in the mutant compared to the wild type and 175 26 that were down regulated. The genes involved in short chain length fatty acid metabolism were 27 highly upregulated in the mutant strain. The genes encoding 3-hydroxybutyrate dehydrogenase 28 were 5.8-fold upregulated and thus the gene was cloned, expressed and purified to reveal it can 29 act on glyceraldehyde but not glycerol as a substrate. 30 31 33
Introduction
were depleted from bacterial total RNA using the Epicentre bacteria Ribo-zero rRNA depletion 137 kit. The dUTP method was used to generate strand-specific mRNA-seq libraries (17, 18) . The Bioinformatics: transcriptome analysis 148 Transcriptome analysis was also performed at Baseclear. Sequence reads were additionally 149 filtered and trimmed based on Phred quality scores. The filtered/trimmed reads were aligned 150 against the reference sequence AE015451.2 (Pseudomonas putida KT2440) using the CLCbio 151 "RNA-Seq" software. Normalised expression values were calculated and compared between the samples. P-values were determined to assign the significance of expression differences 153 between samples. RPKM was the expression measure used. This is defined as the reads per 154 kilobase of exon model per million mapped reads (19) . It seeks to normalize for the difference 155 in number of mapped reads between samples as well as transcript length. It is given by dividing 156 the total number of exon reads by the number of mapped reads (in millions) times the exon 157 length (in kilobases). Statistical analysis was performed using Baggerly et al's test (20) . It compared the proportions of counts in a group of samples against those of another 159 group of samples and is suited to cases were replicates are available in the groups. The samples 160 were given different weights depending on their sizes (total counts). The weights are obtained 161 by assuming a beta distribution on the proportions in a group, and estimating these, along with 162 the proportion of a binomial distribution, by the method of moments. Cells were harvested by centrifugation at 3600 g for 12 minutes at 4˚C. The supernatant was 193 discarded, and cell pellets resuspended in lysis buffer (3ml Bugbuster mastermix (Merck 194 Millipore, Cork, Ireland) and 1.5 ml binding buffer (300 mM NaCl, 20mM imidazole, 50 mM 195 sodium phosphate) per 1 g of wet cell pellet. The resuspended pellets were incubated at 30˚C 196 for 30 minutes. Cell debris was removed by centrifuging for 30 minutes at 43,146g at 4˚C.
197
Cell lysate was filter using a sterile 0.45 µm filter. The cell lysate was then passed through a 198 1ml HisTrap column (GE healthcare, Little Chalfont, UK). For every 2 ml of cell lysate passed 199 though the column, 2 ml of binding buffer was also passed through the column. The HisTrap 200 column was then attached to an AKTA prime system (GE healthcare, Little Chalfont, UK).
201
The column was washed with 6ml binding buffer and then eluted using a gradient of elution 202 buffer (300 mM NaCl, 500 mM imidazole, 50mM sodium phosphate). 2 ml fractions were 203 collected. Fractions were analysed by SDS-PAGE under denaturing conditions. The resolving 204 gel contained 12 % and stacking gel 4 % acrylamide (w/v). Fractions containing the hbdH 205 protein were pooled and the protein concentration determined by BCA assay (21). 25 µl of 206 each fraction to be measured was added in duplicate to a 96 well microtitre plate. 200 µl of a 207 bicinchoninic acid solution containing 2 % (v/v) copper sulphate was added to each sample.
208
The plate was incubated at 40˚C for 30 minutes. The absorbance of each sample at 550 nm 209 was measured using a SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg, 210 Germany).
211
Assay for activity of 3-hydroxybutyrate dehydrogenase protein 212 The activity of the purified protein was measured using an assay previously described (22).
213
NAD + , the co-factor for this enzyme is converted to NADH during the reaction. NADH can be 214 measured spectrophotometrically at 340 nm. Assays were carried out in 200 µl volumes in a 215 96 well plate. 10mM substrate and 1.5 mM NAD+ were added to 50mM potassium phosphate 216 buffer, pH 8. Enzyme was added to start the reaction, the plate was placed in a plate reader at 217 23˚C and the change in absorbance at 340 nm was measured in a SPECTROstar Nano 218 microplate reader (BMG Labtech, Ortenberg, Germany). Values were converted to NADH 219 concentrations using an extinction coefficient of 6.3 mM -1 cm -1 . The natural substrate for the 220 enzyme, 3-hydroxybutyrate was used as the positive control. Negative control reactions 221 containing no enzyme, no NAD + and boiled enzyme were also carried out.
222

Results
223
Generation of P. putida KT2440 ∆glpK deletion mutant 224 The glpK gene was successfully replaced with a gentamycin cassette on the chromosome to 225 yield a P. putida KT2440 ∆glpK strain. The mutation was confirmed by gentamycin resistance 226 screening, Southern blot technique and by DNA sequencing of the mutant chromosome. To show conclusively that the observed phenotype was as a direct result of the deletion of the 238 gene and not by other polar effects caused by the mutagenesis process, a selectively inducible 239 copy of the gene, harboured in the pJB8621 expression vector, was introduced into the mutant 240 and wild-type strain and the ability of the strains to grown on glycerol was analysed.
241
The complemented mutant P. putida KT2440 ΔglpK pJB861/glpK reached near wild-type 242 levels of biomass (96 % recovery). P. putida KT2440 pJB861/glpK, which is the wild type 243 strain harbouring an induced extra copy of the glpK gene, grew to very similar levels to that of 244 the wild-type strain (95 % of wild-type CDW) ( Figure 3 ). fold) except for pyruvate kinase which is 1.5-fold upregulated. There were no significant 262 differences in transcription of any genes involved in fatty acid β-oxidation or PHA synthesis.
263
However, transcription of genes involved in short chain length fatty acid metabolism were 264 highly upregulated in ΔglpK cells versus wild type cells (Table 1) . 54 genes whose functions 265 are unknown were more than 2-fold upregulated in the ΔglpK mutant compared to the wild are much higher in the wild type strain, however some glycerol-3-phosphate is produced in the 279 ΔglpK strain, suggesting that there may be a non-specific kinase acting on glycerol in the 280 mutant strain. Dihydroxyacetone is detected only in the wild type strain. The upregulation of 281 glycerate levels in cell extracts suggests that glycerol may be metabolised via this intermediate.
282
This could be achieved through the action of a dehydrogenase, converting glycerol to 283 glyceraldehyde and then to glycerate.
284
Cloning, expression and purification of 3-hydroxybutyrate dehydrogenase. 285 Analysis of the transcriptome revealed that 3-hydroxybutyrate dehydrogenase (3HBDH) 286 transcription was 5.8-fold up regulated in the ΔglpK mutant. To investigate if this enzyme 287 could act on glycerol, the 770 bp gene was cloned into pET45b, which has an N-terminal 6 288 histidine tag.
289
The protein was expressed in E. coli BL21 cells and purified using a nickel affinity column on 290 an Akta basic protein purification system. The protein was eluted from the column using a 291 gradient of 500 mM imidazole. 2 ml fractions were collected, and the fractions run on a 12% 292 SDS PAGE gel to determine which fractions contained the 3HBDH. Fractions containing the 293 3HBDH protein were pooled and assayed for activity. Protein concentration was determined 294 by BCA assay.
295
Assay for 3-hydroxybutyrate dehydrogenase activity 296 The purified protein was assayed for its activity towards 3-hydroxybutyrate, glycerol and 297 glyceraldehyde. As NAD + is a cofactor for the enzyme, NADH production was used as a 298 measure of enzyme activity. Activity was detected when 3 hydroxybutyrate and 299 glyceraldehyde were used as substrates. The rate of NADH production was much higher for 300 3-hydroxybutyrate than for glyceraldehyde ( Figure 5 ). No production of NADH was observed 301 when glycerol was used as the substrate. There was no production of NADH in any of the 302 negative controls (using no enzyme, no NAD + or enzyme that had been boiled at 100˚C for 10 303 minutes).
304
Discussion
305
The first step in the proposed pathway for glycerol catabolism in P. putida KT2440 is 306 phosphorylation by the glycerol kinase (PP_1075). We knocked out this gene and found that 307 the knockout mutant retained the ability to grow on glycerol as the sole carbon source, though 308 it had a much-extended lag period and achieved 1.6-fold less biomass than the wild type 309 strain. The ΔglpK mutant grew similarly to the wild type when grown on glucose or sodium 310 octanoate indicating the glpK gene is affecting early stage metabolism of glycerol and not 311 affecting central metabolism (23). This is consistent with the literature where the glpK gene 312 product is only induced in the presence of glycerol and is only be expressed at basal levels 313 during incubation with glucose or sodium octanoate.(9,24) 314 It has previously been established in E. coli and P. aeruginosa that this glpK gene product is 315 vital for the production of glycerol-3-phosphate and hence for the up-regulation of all major 316 glycerol metabolic genes (1,25). However, we have found that the ΔglpK mutant still grows 317 albeit with a lag period and a lower growth yield but an alternative glycerol metabolic pathway 318 must exist for growth of P. putida KT2440 in the absence of the glycerol kinase.
319
In bacteria, there are two major pathways involved in glycerol metabolism. The 320 phosphorylation pathway and the oxidation pathway (26). As previously outlined, 321 Pseudomonas putida KT2440 uses the most common biological pathway namely the (28). In some bacteria, it is also possible for glycerol to be oxidised to glyceraldehyde 327 (29), which may then be converted to glycerate (30).
328
As expected, enzymes in the glycerol kinase pathway were down regulated in the ΔglpK 329 mutant. However glpR, the regulator of expression of glycerol kinase is only 1.2-fold 330 downregulated. This is in keeping with previous studies that show the levels of glpR remain 331 the same regardless of carbon source used (31). There is a report of a glycerol kinase deletion 332 mutant of E. coli K12 which could use glycerol as the sole carbon source for growth by using 333 an NAD + linked glycerol dehydrogenase to metabolise glycerol. That enzyme showed much 334 higher activity towards dihydroxyacetone compared with glyceraldehyde (32). Metabolite 335 analysis showed that no dihydroxyacetone was produced by our mutant strain when grown on 336 glycerol, therefore this pathway is not likely to be employed for metabolism of glycerol in the 337 absence of the glycerol kinase in P. putida KT2440.
338
Levels of glyceraldehyde and glycerol-3-phosphate are approximately the same in both wild 339 type and mutant. However, levels of glycerate are highly upregulated in the mutant, suggesting 340 that glycerol may be converted to glyceraldehyde and then to glycerate in the absence of the 341 glycerol kinase. While transcription of glycerate kinase is 1.5-fold upregulated in the ΔglpK 342 mutant strain compare to the wildtype, levels of 3-phospho-glycerate are similar in both strains.
Erythrose-4-phosphate is also detected in the mutant strain but not in the wildtype.
344
Furthermore higher levels of glyceraldehyde-3-phosphate are also present in the mutant 345 compared to the wild type KT2440. Transaldolase, the enzyme that converts glyceraldehyde-346 3-phosphate + sedoheptulose-7-phosphate to erythrose-4-phosphate + fructose-6-phosphate is 347 1.4-fold upregulated in the mutant. However, neither sedoheptulose-7-phosphate nor fructose-348 6-phosphate are detected in the mutant. As glycerate is upregulated in the mutant strain, it is 349 possible that excess glyceraldehyde is also formed in the mutant strain, which may be easily 350 converted to glyceraldehyde-3-phosphate, which can be converted to erythrose-4-phosphate.
351
Glyceraldehyde-3-phosphate can enter the Embden-Meyerhof-Parnas pathway (33). Enzymes 352 in this pathway are slightly downregulated in the mutant strain compared to the wildtype 353 indicating that EMP is still used for glycerol metabolism by the glpK mutant but the lower 354 expression may contribute to the slower growth rate of the mutant compared to the wild type.
355
If glycerol is converted to glyceraldehyde in the mutant strain, there must be a dehydrogenase 356 enzyme acting non-specifically in this strain. Transcription of the enzyme 3-hydroxybutyrate 357 dehydrogenase was highly upregulated in the ΔglpK mutant compared to the wild type. 3-358 hydroxybutyrate dehydrogenase converts 3-hydroxybutyrate to acetoacetate in a reversible 359 reaction with NAD + as a cofactor. As it was upregulated in the mutant, it was hypothesized 360 that it may also be able to non-specifically catalyse the conversion of glycerol to 361 glyceraldehyde or glyceraldehyde to glycerate. 362 3-hydroxybutyrate dehydrogenase from P. putida KT2440 was expressed in E. coli, purified 363 and tested for activity towards glyceraldehyde and glycerol. Activity was detected towards 364 glyceraldehyde, albeit at a slower rate than towards 3-hydroxybutyrate, the natural substrate 365 for the enzyme. However, no activity was detected towards glycerol. Analysis of the KT2440 366 genome revealed 5 further dehydrogenases that could be responsible for glycerate production 367 in the mutant strain, these enzymes were between 2 and 2.7 fold upregulated in the 368 transcriptomic analysis. A companion study to this work, which investigated the physiological 369 responses of P. putida KT2440 towards rare earth elements during growth with different 370 growth substrates, identified that two periplasmic PQQ-dependent alcohol dehydrogenases that 371 are essential to initiate an alternative glycerol pathway via the oxidation of glycerol to 372 glyceraldehyde (34). No significant difference in the expression of these PQQ-dependent 
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